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Estimating Sea Ice Thickness Using Time-of-Flight Data
From Impulse Radar Soundings

AUSTIN KOVACS AND REXFORD M. MOREY

INTRODUCTION

The remote measurement of sea ice thickness
using impulse radar has been actively pursued for
some time. However, <ea ice is a complex, lossy
dielectric consisting of p.re ice, liquid brine and
air, and these properties vary with ice thickness,
temperature and time. Knowledge of the bulk
dielectric constant (E) of sea ice, therefore, forms
the basis for the measurement of its thickness, since
the velocity of the impulse radar electromagnetic
(EM) wavelet in the ice is directly related to E.

If one knows the bulk dielectric constant of the
sea ice (at the radar sounding frequency), then the
velocity of the EM wavelet in the ice can be deter-
mined, and, if the transit time of the wavelet from
the surtace to the ice bottom and back is measured
by an impulse radar system, then the ice thickness
can be estimated. Unfortunately, the dielectric
constant of the sea ice is generally not known and
some “representative” value is assumed that can
lead to a poor estimate of the EM wavelet velocity
and, therefore, ice thickness determination.

In this report we present the results of over 225
drill hole measurements to determine sea ice thick-
ness and snow depth. These measurements were
correlated with impulse radar sounding data to
develop simplerelations between theimpulse radar
EM wavelet two-way travel time and the snow plus
sea ice thickness and the sea ice thickness.

FIELD MEASUREMENTS

Two second-year sea ice floes were studied to
determine their snow and ice thickness variation
and the two-way time of flight of an impulse radar
EM wavelet traveling from the surfacs to the ice
“bottom” and back to the surface. The measure-
ments included impulse radar profiles made on the
surface and from a helicopter. A Geophysical Sur-
vey Systems, Inc., impulse radar system was used.

On one sea ice floe, the company’s designated 80-
MHz antenna was used, and on the second floe,
their designated 120-MHz antenna was used. The
actual free-space center frequencies of the broad-
band wavelet spectra transmitted by these anten-
nas are about 50% highcr than their designated
values, but they decrease as a result of antenna
loading effects associated with antenna-surface
coupling. Since ice and snow surface conditions
varied across the floes, the center frequency of the
wavelet spectra also varied. This variation was not
determined. Therefore, in this report, sounding
results are referenced to the manufacturers desig-
nated antenna frequency.

The first ice floe, located north of Prudhoe Bay,
Alaska, was studied the first week of May 1985
when air temperatures werebetween—15and -20°C.
On this floe, three parallel lines, about 240 m long
and 11.5 m apart, were established. Along each
line, radar sounding profiles were made and snow,
D, and ice, Di, thicknesses were tape-measured.
The center of thelines crossed over asmall pressure
ridge (Fig. 1a). Ice thickness was dctermined by use
of an electric drill powering a 5-cm-diameter con-
tinuous-auger flight system. With a generator, this
system, with ten I-m-long stainless steel auger
flights, weighed about 60 kg. On average, about 70
m of ice was drilled per hour. This time included
drilling, tape measurement of ice thickness, and
relocation of equipment to the next drill site. These
sites were spaced about 7.5 m apart along each of
the three lines, as shown in Figure 1b.

Thesecond ice floe was studied inlate Apri] 1987
when air temperatures were also between -15 and
—20°C. This floe was located northwest of Prudhoe
Bay. On this floe, radar sounding and snow and ice
thickness measurements were made at random
locations. Ice thickness measurcinents were made
using a tape lowered through holes bored in the ice
by a hot-waterdrilling system. This system weighed
about 240 kg and consisted of a small oil-fired
boiler, a high-pressure pump, a generator and a
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Figure 1. Ice floe studied in 1985.

hose reel with 60 m of hose. The drill probe con-
sisted of a hollow, 1-m-long, 2.5-cm-diameter brass
rod with a tapered end. Water exited at the probe
tip througha hole about63 mm indiameter. Seawa-
ter was heated and used as the drilling fluid. With
55 m of hose resting on the ice, the temperature of
the water at the probe tip was about 45°C. In a 4-
hour period, with air temperatures at ~18°C, the

hot-water drill we used melted holes through ice
having an average thickness of 4.9 m at an average
rate of 1.75 m/min. This rate included the short
time required to move the hose and probe fromane
site to the next and measure the snow and ice
thickness. Each site was 5 m from the previous one.
As with the mechanical auger flight system, the
hot-water drilling was a two-man operation.




Table 1. Radarand thickness information from the 80-MHz antenna forthe ice floe studied in 1985.

Snoae and foe Snow and ice
fane fce snow and e appuirent Thne e Snow and ice apparcnt
Shates s ind o Hickness Hickness diclectric constant Station snowe and fee Hickness Hickness diclectric constant
o s e ) E‘N . (nsi (i (i) -
1
RERY 1ol L70 4.87 26-a26 445 1.25 3.30 4.9
RO 170 TS 4097 27-0 14.5 3.40 3.60 344
nA 175 3 +.62 2730 45.5 341 3.50 3.80
RICSRI T 1.38 4.79 2711 45.5 3.57 3.65 330
2ir-al) 280 178 s.15 27-28 455 371 3.80 3.23
2t 28R P 1.57 27-26 45.5 342 3.50 280
2h-adl 200 195 . 473 26-a23 158 313 360 3.59
T 204 1.97 218 4.09 26-22 46.0 3.63 3.70 348
26-al 9.5 1.88 2.00 4.90 26-7 17.0 3.52 370 3.63
26-3 o 206 210 +.59 26-21 47.0 3.62 3.70 3.63
264 35 2.27 245 4.21 27-20 47.0 3.30 3.85 3.35
Zn-all M0 206 2.30 4,92 26-9 47.0 3.58 3.65 373
26ead 345 2058 245 146 26-18 47.0 3.38 3.80 344
2h-at 345 212 2.50 +4.28 26-al10 47.0 3.50 3.60 384
26-a8 35.0 2.31 2.50 141 26-a21 47.5 3.51 3.60 3.92
26-25 35.0 234 2.60 4.08 26-20 47.5 3.77 3.80 3.52
26-a2) 355 243 2.65 4.04 27-21 18.0 3.79 3.85 3.50
26-1 35.5 2.30 2.60 4.19 26-8 48.5 3.63 3.70 3.87
2725 355 2.31 2.70 3.89 26-a22 19.0 3.67 3.75 3.84
2724 35 255 2.75 3.96 26-11 49.0 3.40 .60 +4.17
2n-26 39.0 294 3.00 3.80 26-a28 50.5 3.82 3.90 3.77
2722 39.0 276 310 3.56 26-a13 50.5 3.93 100 159
26-a32 39.0 2.81 2.90 1.07 27-14 51.0 3.87 4.00 3.66
27-13 39.0 273 285 +.21 27-29 51.0 4.16 4.25 3.21
26-a7 39.0 2.50 2.90 +4.07 26-atl 51.5 3.62 4.00 3.73
2h-3) 2.0 279 2.90 4.07 27-19 52.0 3.76 $.00 380
26-29 40.0 2.94 3.05 3.87 26-19 52.0 4.21 +4.30 3.29
27-32 10.0 272 310 3.75 27-15.5 54.0 3.03 4.45 3.31
26-6 40.0 271 3.0 3.75 26-12 54.0 4.11 1.20 372
27-31 0.0 2.85 3.00 1.00 20-15 54.5 4.12 4.55 3.23
26-30 100 3.07 3.25 3.4 26-atd 55.0 4.32 4.60 322
2727 40.0 2.77 3.20 3.52 26-al2 57.0 1.37 145 3.69
26-a25 40.5 271 3.20 3.60 26-14 58.0 164 470 343
26-a9 110 275 3.00 4.20 26-a15 58.0 4.20 4.70 343
27-10 41.0 3.4 3.20 3.69 26-2 58.0 443 S5 3.66
26-27 11.0 313 3.25 3.58 26-17 59.0 4.55 4495 3.20
26-a5 41.0 297 3.05 1.07 26-al? 59.0 1.51 4.60 3.70
26-32 41.0 3.23 3.30 347 26-al14.5 63.0 4.80 5.20 3.30
26-3 12.0 3.02 3.50 3.24 27-18 63.0 1.84 5.05 3.50
27-12 42,5 2.97 3.10 4.23 26-a15.5 64.0 4.59 5.05 3.61
279 425 3.23 3.30 3.73 26-a18 72.0 5.59 5.80 347
27-23 43.0 319 3.30 3.82 26-al6 735 5.95 6.05 3.52
26-28 43.0 318 3.25 3.94 26-16 74.5 6.06 6.10 336
26-10 43.0 2.98 3.20 4.06 27-17 76.5 5.99 6.20 343
26-a27 43.0 3.07 3.30 3.82 27-17.5 78.0 6.05 6.20 3.56
26-a24 43.0 299 340 3.60 26-a17.5 80.0 6.29 6.60 3.3
27-8 335 3.30 3.40 3.68 27-16.5 83.0 6.35 6.65 351
26-24 440 3.41 3.50 3.56 26-a17 84.0 6.61 6.90 3.33
26-23 44.0 3.45 3.50 3.56 26-al16.5 91.0 7.65 7.70 314
2 .20 H5 3.07 T oe 397
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RESULTS

In 1985, radar profiles along each of the three
lines shownin Figure Tawvere made by dragging the
S0-MHz antenna on the surface. The graphic rec-
ords of the two-wayv EM wavelet travel times ob-
tained along line 26 and 26a are presented in Figure
2. Only one voltage polarity was printed to high-
light the reflection from the ice “bottom” and to aid
m picking the two-wav time of travel, T, of the
transmitted DM wavelet from the antenna on the
surface, threugh the snow, to the “bottom” of the
we, and then back to the antenna. Since the antenna
was pulled along the surface, the travel time in-
cludes the wavelet propagation time through the
snowcover, where it existed, as well as in the ice.
Cross sections of the snow and ice thickness mea-
sured elong lines 26 and 20a are presented in Figure
3. Frgures Zand 3 reveal similar profiie variations.

The EMwavelet travel time in the snosw and ice
ateachstation s listed, mascending order, in Table
P Alko listed are the ice and the snow »lus ice
thicknesses, and the caleulated apparent dielectric
constants torthe combincd snow plusice thickness,
£ ateach amtﬁum - was determnwd from E
=(7 K20 where C =03 mns ™ and D, 1stlu
snow-ice thickness., £ _represents a bulk elcdnml
property that controls the effective speed at which

the EM wavelet travels in the medium.

A simihr presentation of the data collected in
1987 with the 120-MHz antenna is given in Table 2.
The ice thickness at each station is also listed 1n
Table 2 along with the relative apparent dielectric
constant of the ice, £ as determined b E = (T,
x«C/2D) ‘ w

In most ground-based or airborne radar sound-
ing survevs of sea ice thickness, the goal is to
estimate the ice thickness from the EM wavelet

R

two-way travel times. The snow cover is generally
not of interest, but is frequently present on winter
ice. To aid in the above goal, plots of D_vs T are
shownin Figure 4 for the 1985 and 1987 data Theru
maybex sllght bias inthe dataoflesc than i s, This
bias would be caused by system timing inaccura-
cies. Another reason for a time bias is that the EM
wavelet wasnot retlected from the ice / water bound-
arv, the tape-measured interface depth, but froma
moist zone interface about 5 ¢m above the ice
bottom (Kovacs et al. 1987). Linear and power
regression curves were fitied to the data. Both
curves have nearly identical correlation coefticients.
The power curve is more realistic since it shows
that the time is zero when the thickness is zero.
Also, the linear curve indicates that the ratio [)\X/’I'\
is a constant, which implies that the bulk diclectric
constant, £ is a constant independent of sea ice
thickness. \ounger thinner sea ice has a higher
dielectric constant, E , than older, thicker sea ice
since there is properthnmtely more brine vs depth
inthinnerseaice, whichretards EM wavelet propa-
gation (Kovacs et al. 1987). Therefore, D /T can-
not be a constant. However, the reason tor mdud—
ing the straight line curves is that they represcent
simple equartions for estimating the thickness of
winter sea ice from the measured EM wavelet two-
way travel time in 1ce between about 1 and 8 m
thick. Ia addition, use of *!.« linear curves provides
thinner and, therefore, more conservative estimates
for ice between about 1 and 2 m thick, a range of
practical concern for certain over-ice travel.

The slopes of the linear regression lines passing
through the data in Figure 4 are the same, but there
is a slight vertcal offset. Staustically, this offset is
not significant, since the line for one dat set falls
well within the standard deviation of the other.
Neveriheless, the offset is related to differences in

Figure 3. Snow and ice thickness, D,
along tracks 26 and 26a prefited in
1985 with the 80-MHz antenna.




Table 2. Radar and thickness information from the 120-MHz antenna for the ice floe studied in 1987.

Snow and e S and o fe

apparent foe apgNIrentt st

{one Le sioieaend e dielectrn appareit Fone on Loe few diclectric dwelectin

St wowcannd oo slioaness i dness constant diclectric constant shafirg o and ioe thicksess Mochness constant onstan?
e e i iy EM F.'” e Iy I8 i ii‘_" I“-‘,‘
lead FAR AR T4 T E-32 55 (! 4.0 4.20 RIS 4.23
icad IER RER T 720 A28 S5 412 4.27 T3 441
ead RS 145 S.hh 3.60 F-38 RNy 414 422 182 388
[ N ta2 4.24 349 E-33 S50 + 2 4.8 3N 84
A TR X 224 0l G-11 AR Ll 127 W 393
[ S N S A 0,39 30 S 407 415 tin t 26
ol R ' 2 S0 S35 [-34 S 427 §35 53 N7

(23 : on A 350 37T 1-31 Shn) 103 Y EE) TS !
Lo T RN R RN 2.6 -2 ST 424 431 L uT
-4 -+ DA Y = 9h a1 -R3 70 45 4 35 LAY Y uR
Lond T e o 4.02 S0 .23 ST 4.06 442 4 403
(SRR AN TR R 414 4.30 E-C1 ST 450 432 T2 393
tett dooo NER 95 INT t.i0) 22 =T B 4 4% 19l Ty
[ b 2o 88 443 A32 C-20 ST + 3N tin 74 R
[N g AR Jwel 4.0 4.28 (3% Snl H .44 SR 8T
B RN 183 443 150 138 S8R RN 455 22 3sd
[ EREE 526 N2 4.23 1-h5 ERRE 455 457 LTS 37
Lo [ 523 46 A4 .90 3 844 4.50 4.52 SA INT
[t [ R RN 06 4.0 426 1-17 a0 311! 131 136 4.8
T (S AR 20 1.25 +4.31 -3 6.5 4.08 4.7 AT 376
[ 3 322 325 4.31 1.34 E-22 61.0 4.66 .07 S 386
(,-23 450 RETIS 113 R 490 a7 [ORY $.70 476 374 R
CAs 13 330 133 434 118 C-38 el 497 AR AN 33
po2s 4 Yn2 e 322 34 (24 ol 170 488 357 379
oA 15 R} R 108 116 C-10 Nt 403 470 370 391
b-2u LN ST 30l 35D 3588 [-40 n15 178 4040 RN 372
{5k 36 3 LT 340 301 434 =40 [SRAY] 1.90 402 AT 360
[ T 0T 333 FER 4,55 (-39 P20 S S5 26 338
s ' i3] 350 RATRS 4.03 E-38 620 419 4.22 1.56 4.93
(=53 E 535 355 304 443 G-38 63U 4.68 1.70 404 408
P18 Ea 5 5i) 3 b 3T 4.6 C-19 .0 4.98 S0 3649 372
C,-26 175 33S 348 4.19 4.52 I-36 i 194 .01 3.67 378
(521 N5 34h 388 113 442 C-9 65.0 S0 5.26 344 371
E-2n 9.0 351 359 419 4,38 C-4 65.0 505 5.50) AR 372
f-1u EL AN 337 6% 410 +.70 I-41 65.0 491 4.94 3.90 3.94
12 s AT0 4.05 336 4.03 E-40 66.0 5.60 .62 310 312
G-I S 355 378 3.94 146 C-7 670 5.08 830 360 391
I8 S0 375 3T 3.96 100 C-18 680 549 5.52 341 345
-9 S 395 197 3.57 360 1-37 68.0 337 R.39 358 3.6l
£-27 3.5 379 382 3.03 4.00 C-23 8.5 544 544 357 357
1-3] 30 ATk 4.00 by 414 C-17 690 sS4 S 3.62 3.66
(- 10 38K 142 381 3.89 C-i5 69.0) 5.32 5.51 3,53 378
3] 515 3INS 391 3.4 03 C-i6 69.0 551 5.52 352 353
28 520 383 4.4 RIR) 415 C-8 69,0 544 5.46 3.59 362
F-24 52 IR2 493 3.94 4.17 G4l 70.0 5.30 533 3.88 3.92
(,-20 S2.0 340 392 3496 4.00 C-0 71.0 5.50 5.53 a7 375
(,-28 A2 kR 291 308 1.02 C-11 725 616 .18 3.1 an2
30 524 393 3.95 105 394 C-14 730 8.60 5.67 373 3.74
[-32 20 347 4.0 396 3.86 E-36 73.0 5.7° 5.78 3.59 3.63
F-20 20 384 392 396 4.02 G-12 74.0 5.76 577 37p 37
-9 330 3493 397 401 4.09 C-1 75.0 6.19 6.27 322 330
.27 3.0 3.83 U8 R} 4.31 C-35 75.0 5.96 5.99 334 3.56
C-26 5334 390 403 3.96 4.16 C-36 75.5 6.15 6.20 RIC 3.39
42 5341 107 4.09 378 3.82 C-13 79.0 6.15 6.16 270 371
-4 33.5 404 4.08 3.87 3.95 E-11 79.5 6.64 6.71 3.16 3.22
C-32 5S40 393 118 376 4.25 C-39 80.0 6.22 6.24 3.70 372 f

E-18 545 4.17 4.27 .66 3.84 E-13 82.5 6.44 6.58 3.54 3.69
E-31 550 169 4.18 3.90 5.00 C-12 83.0 6.52 6.72 343 3.65
E-12 91.0 7.15 7.32 348 364
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Figure 4. Snow and ice thickness, D, vs two-way EM wavelet flight
tine, T\,, in snow and ice.
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Figure 5. Ice thickness, D, vs two-way EM wavelet flight time, T_, in
snow and ice for 1987 data obtained with the 120-MHz antenna.

snow cover thickness (averaging 20 cm in 1985 vs
11 cm in 1987) and, to a lesser extent, to antenna
frequency and timing variations between anten-
nas, and to ice floe property variations.

For the situation where only sea ice thickness is
desired, we stripped out the snow thickness and
prov1de the relation between D, and T _ for the 1987
data in Figure 5. This relation may Be useful for
estimating the relative thickness of cold winter sea
ice between about 1 and 8 m thick.

Plots of E__. as a function of D, for the 1985 and
1987 data are ngen in Figure 6. A similar plot of E |
vs D for the 1987 data is shown in Figure 7. These
plots clearly show that E_ and E ‘mcrease rapidly
with decreasing ice thickness. This is expected
since the brine content is Ligher in the thinner ice
and it is this conductive liquid fraction that greatly
affects the electromagnetic properties of sea ice
(Kovacs et al. 1987). As sea ice grows thicker and
ages, more brine will drain out of the ice. The result
is that the bulk dielectric constant of the thicker ice

seems to reach a relative constant value, as can be
inferred from the data in Figure 6. This trend is in
agreement with the model results of Kovacs et al.
(1987).

Our attempt to profile the snow-ice thickness
from the air at the 1985 field site was not successful.
An attempt by Exxon Corporation, using a radar
system developed for them by Cambridge Con-
sultants, Ltd., Cambridge, England, to profile the
same floe was also not successful.* We believe the
ice was too lossy to allow the 80-MHz antenna’s
transmitted EM wavelet to penetrate to and be
reflected from the bottom of this type of sea ice.
This was so even when the helicopter-mounted
antenna was flown as low as 5 m above the surface.
No airborne radar profiling was undertaken dur-
ing the 1987 field study.

* Personal communication with G.F. Gehrig, Exxon
Production Research Company, Houston, Texas, 1989.
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b. 1987 data obtained with the 120-MHz antenna.

Figure 6. Apparent dielectric constant of snow and ice, E__, vs snow
and ice thickness, D_.
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Figure7. Relative apparent dielectric constant forice, E , vs ice thickness,
D for 1987 data obtained with the 120-MHz antenna.

DISCUSSION

The data presented in this report allowed devel-
opment of relationships for estimating snow plus
sea ice thickness and ice thickness from just the
measured two-way time-of-flight of an EM wav-
elet, in about the 100- to 200-MHz frequency band,
traveling from the surface to the ice “bottom” and
back to the surface. Knowledge of the bulk dielec-
tric constant or the EM wavelet velocity in the snow
and ice is not needed. The simple linear relation-
ships seem to be good for ice thickness from about
I to 8 m. Another relationship presented is that
found between E_.and D.. This relation shows that
thin winter sea ice has a lugher E . than thick ice.
This is reasonable since the dielectric constant of
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pureice, at the frequencies of interest, is about 3.15,
but for sea ice the bulk dielectric constant is higher
(because of its brine content) and varies with brine
volume. However, as sea ice grows thicker or ages,
there is less brine in the ice because of brine drain-
age processes. This drainage “freshens” the ice
and, thus, reduces its bulk dielectric constant.
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